The lack of observation of supersymmetry thus far implies that the weak supersymmetry scale is larger than what was thought before the LHC era. This observation is strengthened by the Higgs boson mass measurement at ∼ 125 GeV which within supersymmetric models implies a large loop correction and a weak supersymmetry scale lying in the several TeV region. In addition if neutralino is the dark matter, its relic density puts further constraints on models often requiring coannihilation to reduce the neutralino relic density to be consistent with experimental observation. The coannihilation in turn implies that the mass gap between the LSP and the NLSP will be small leading to softer final states and making the observation of supersymmetry challenging. In this work we investigate stau coannihilation models within supergravity grand unified models and the potential of discovery of such models at the LHC in the post Higgs boson discovery era. We utilize a variety of signal regions to optimize the discovery of supersymmetry in the stau-neutralino coannihilation region. In the analysis presented we impose the relic density constraint as well as the constraint of the Higgs boson mass. The range of sparticle masses discoverable up to the optimal integrated luminosity of the HL-LHC is investigated. It is found that the mass difference between the stau and the neutralino does not exceed ∼ 20 GeV over the entire mass range of the models explored. Thus the discovery of a supersymmetric signal arising from the stau-neutralino coannihilation region will also provide a measurement of the neutralino mass. The direct detection of neutralino dark matter is analyzed within the class of stau-neutralino coannihilation models investigated. The analysis is extended to include multi-particle coannihilation where stau along with chargino and the second neutralino enter in the coannihilation process.
Introduction
Supersymmetry has not been observed thus far, which implies that its scale is higher than expected before the LHC era. This observation is strengthened by the discovery that the Higgs boson [1] [2] [3] mass is ∼ 125 GeV [4, 5] 1 . Analysis within high-scale supergravity grand unified model [7] (for a review see [8] ) show that the loop correction to the Higgs boson mass in supersymmetry must itself be sizable, which in turn implies a larger value for weak supersymmetry scale lying in the several TeV region [9] [10] [11] [12] . There is another constraint that explains the possible reason for the lack of detection of a supersymmetric signal. In supergravity grand unified models with R party conservation, neutralino is the LSP over most of the parameter space of models [13] and thus a candidate for dark matter. The annihilation of the neutralino in sufficient amounts to have its relic density consistent with the WMAP and then PLANCK experimental results imposes additional constraints. Specifically if the neutralino is Bino like, one needs coannihilation (for early work see [14] ) to have consistency with experiment. However, coannihilation implies that the next to lightest supersymmetric particle (the NLSP) must be close to the LSP with a small mass gap to ensure efficient annihilation of the LSP. The existence of the small mass gap in turn implies that the final states in the decay of the NLSP will be soft making them difficult to detect. Coannihilation appears in supergravity models with universal as well as with non-universal boundary conditions at the grand unification scale which lead to a large sparticle landscape [15] . The large landscape includes non-universalities in the gaugino sector [16, 17] and in the matter and Higgs sectors [18] . We note in passing that often naturalness criteria are used to argue what the scale of weak scale supersymmetry should be. Previously it has been argued that the weak scale could be large and natural on the hyperbolic branch of radiative breaking of the electroweak symmetry [19] [20] [21] [22] [23] [24] [25] . Additionally, analyses of naturalness including proton stability from baryon and lepton number violating dimension five operators in grand unified theories (for a review of status see [26] ) along with electroweak symmetry breaking constraints tend to favor the weak scale of SUSY in the TeV region [27] .
Thus coannihilation necessarily implies that the lightest sparticle spectra which are the prime candidates for detection are compressed. Such compressed spectra can appear in stau coannihilation, stop coannihilation, gluino coannihilation among others (for some recent works on stop coannihilation and gluino coannihilation in the post Higgs boson discovery era see [28, 29] . For recent theory papers related to supersymmetry and compressed spectrum see [30] [31] [32] [33] and for experimental searches for supersymmetry with a compressed spectrum see [34] [35] [36] ). In this work we extend that analysis to the stau coannihilation region under the Higgs boson mass constraint and the relic density constraints. Stau-neutralino coannihilation has previously been investigated by a number of works [31, [37] [38] [39] . Specifically in [31] an analysis has been carried out for the stau-neutralino coannihilation region at LHC Run II. However, the analysis of [31] was limited to neutralino masses below 100 GeV and further the Higgs boson mass constraint and the relic density constraints were not imposed. In this work we use nonuniversal supergravity models with nonuniversalities in the gaugino sector to investigate the full range of neutralino and stau masses that are discoverable up to the expected integrated luminosity at the LHC in the future. In our analysis we impose the relic density constraints as well as constraint of the Higgs boson mass. Specifically we use thegSUGRA model [40] where the mass for the SU (3) C gaugino is much larger than the masses for the electroweak gauginos. In this case the universal scalar mass can be rather low lying in the low hundreds of GeV and it is the gluino which drives the radiative breaking giving much larger masses to the squarks while the slepton masses remain low. In this case the stop masses can be large enough to give the desired loop corrections for the Higgs boson mass. Further, the large splitting between the squark masses and the slepton masses allows for the possibility of a stau-neutralino coannihilation. We will also investigate in thegSUGRA framework a multi-particle coannihilation where more than two particles participate in the coannihilation process. This happens, for example, if the neutralino, the stau, and the chargino, and the next to lightest neutralino are clustered together. In this case one finds more copious set of signatures for discovery. We use signal regions based on those previously published in [39, 41] but optimized for the stau-neutralino coannihilation region. An analysis of dark matter is also given.
The outline of the rest of the paper is as follows: In section 2 we discuss how a stau-neutralino coannihilation can arise in a high scale model while generating the desired correction to the Higgs boson mass and also satisfying the relic density constraints. We also discuss here the possibility of a multiparticle coannihilation involving the neutralino, the stau, the chargino and the second neutralino. In section 3, we discuss the production of supersymmetric particles for the stau and the multiparticle coannihilation models. Here we exhibit the cross sections for the production of the final statesχ 0 2χ ± 1 ,χ + 1χ − 1 ,τ +τ − , andτν τ . The sparticles in the final states decay with a neutralino and leptons in the final states. The signature analysis of these requires a knowledge of the backgrounds arising from the production and decay of the standard model particles. Here we use the backgrounds published by the SNOWMASS group. Section 4 is devoted to the signature analysis of the high scale models and an analysis of the minimum integrated luminosity needed with the LHC operating at 13 TeV for the 5σ discovery. Here a comparison of the different signature regions is also made and combined signal region results are exhibited where models are arranged in terms of ascending order in the minimum integrated luminosity needed for a 5σ discovery. At the end of this section we give an analysis of dark matter cross sections for the models discussed in sections 2-4. It is shown that the spin independent neutralino-proton cross sections lie significantly above the neutralino floor and some of the models lie close to the lower bounds that will be reached by the next generation direct detection experiments. Conclusions are given in section 5.
Stau coannihilation in SUGRA models
We have earlier noted that the observation of the Higgs boson mass at ∼ 125 GeV requires a large loop correction to its tree value which is below the Z-boson mass. The largest correction arises from the stop masses in the loop and one needs an average stop mass in the several TeV region. In SUGRA models with universal soft parameters at the grand unification scale, this would indicate a large universal scalar mass m 0 if we wish to have the charginos and the neutralinos at the electroweak scale. A large universal scalar mass would also imply that the sleptons also have few TeV size masses. Thus this set up would not lead to stau coannihilation which requires that the lightest neutralino which we assume to be the LSP and the the lighter stau be in proximity with a mass gap so that (mτ − mχ0)/(mτ + mχ0) ≤ 1/20. In high scale models stau coannihilation can occur with charginos and the neutralinos at the electroweak scale if we lower the universal scalar mass so that the sleptons in general have a mass comparable to the masses of the charginos and the neutralinos. This leads us to non-universal SUGRA models of a specific variety, i.e., where we consider non-universalities in the gaugino sector. Specifically, if we consider the mass of the SU (3) C gaugino (m 3 ) at the grand unification scale to be much larger than the masses of the U (1) Y and SU (2) L gauginos (m 1 , m 2 ), i.e., m 3 >> m 1 , m 2 . In this class of models which are labeledgSUGRA [40] , m 0 is chosen to be relatively low of size a few hundred GeV, while m 3 is taken to be relatively large of size in the several TeV. The large m 3 mass drives the squark masses to acquire TeV size masses through renormalization group evolution (for a review see [42] ), while the slepton masses remain largely unaffected [40] . This set up allows one to realize stau coannihilation since both the neutralino and the stau lie in the sub TeV region and can lie close to each other.
The parameter space of this model is thus given by m 0 , A 0 , m 1 = m 2 << m 3 , tan β , sign(µ) , where A 0 is the universal trilinear scalar coupling at the grand unification scale, tan β = H 2 / H 1 , where H 2 gives mass to the up quarks and H 1 gives mass to the down quarks and the leptons, and sign(µ) is the sign of the Higgs mixing parameter which enters in the superpotential in the term µH 1 H 2 . For the multiparticle coannihilation parameter space, we relax the requirement that m 1 = m 2 , allowing m 2 to lie lower than m 1 . This brings the mass of the chargino and second neutralino closer to the stau and the LSP so that those particles also contribute to coannihilation. In this case we use the following parameter space for the model: m 0 , A 0 , m 2 < m 1 << m 3 , tan β , sign(µ) . Using the above input parameters, the sparticle spectrum is generated using SoftSUSY 3.7.3 [43, 44] while the analysis of the relic density is done using micrOMEGAs 4.3.1 [45] . SUSY Les Houches Accord formatted data files are processed using PYSLHA [46] .
First we consider parameter regions of thegSUGRA model with the Higgs boson mass of 125±2 GeV where stau-LSP coannihilation gives rise to an LSP relic density within the known limit Ωh 2 < 0.128. A sample set of such points is given in Tables 1 and 2 , where Table 1 gives the input parameters and Table 2 gives the sparticle masses for those inputs. As demonstrated in Table 2 , the parameter points in the stau coannihilation region have a very small stau-neutralino mass gap ∆ = (mτ 1 − mχ0 1 ) ∼ 20 GeV. Such a small gap raises many challenges for discovery. In cases with such little energy available for decay jets, initial and final state radiation (ISR and FSR) events are often relied upon to produce a more detectible signal at colliders. Next we consider a model of multipartcle coannihilation among the neutralino (LSP), the stau (NLSP), and the chargino and second neutralino, which in this model remain nearly degenerate. The parameter points of Table 3 are chosen so as to satisfy the constraints on the Higgs boson mass, m h = 125±2 GeV, and the relic density Ωh 2 < 0.128 and in such a way as to produce the mass hierarchy m χ 0
Some of the sparticle masses corresponding to Table 3 are given in Table 4 .
In Fig. 1 we exhibit the sparticle mass hierarchies generated by model point (a) of Table 1 . Here the mass hierarchy of some of the low lying sparticles is:χ 0 1 <τ 1 <χ 0 Fig. 2 we exhibit the sparticle mass hierarchies generated by model point (iii) of Table 3 . Here the mass hierarchy of some of the low lying sparticles is similar to that for model point (a) of Table 1 except thatτ 1 ,χ 0 2 andχ ± 1 are very close in mass. As discussed in [15] the sparticle mass hierarchies including the mass gaps contain significant information regarding the nature of soft breaking at the grand unification scale and Figs. 1 and 2 are an illustration of this phenomenon. Thus observation of low lying sparticles and measurement of their masses will allow us to narrow down in a significant way the nature of the unified model from which the sparticle spectrum originates.
3 Analysis for coannihilation models at LHC at √ s = 13 TeV
After a scan of the non-universal Supergravity (nuSUGRA) parameter space was performed to select benchmark points for each of the two coannihilation models satisfying the Higgs boson mass constraint, the relic density, and the desired neutralino, stau, and chargino mass hierarchies discussed in the previous section (Tables 1 and 3 To allow comparison to the background, all of the signal region analyses were applied to pre generated backgrounds published by the SNOWMASS group [52] . For each benchmark point, a calculated implied integrated luminosity allowed direct comparison to the backgrounds. Each individual background process from the SNOWMASS background set was scaled by its own implied integrated luminosity and combined to determine a total background count for each signal region. The various background samples are grouped according to the generated final state, with a collective notation given by
In 
LHC production and signal definitions
The signal regions considered here comprise two major categories, based upon the sparticle whose decay signatures they are meant to capture. The first category of signal regions includes signatures based on hadronically decaying taus, which are an expected result of stau decay. The second category involves signatures of multiple light leptons, which are meant to search for the decays of charginos and heavy neutralinos. Because both of the coannihilation regions under investigation have light staus and electroweakinos (i.e., charginos and neutralinos heavier than the lightest neutralino), it is expected that both signal region categories are viable for the stau coannihilation models considered here. The first signal region studied in this work involves at most 1 hadronically decaying tau in the final state. The selection criteria for one τ h are based on an optimization of those defined in [39] . The second set of signal regions looks for at most 2 hadronically decaying taus in the final state. The selection criteria used are a modification of those in [39] , where the first (SC1) involves cuts on the transverse momenta of τ h and the second (SC2) involves cuts on the effective mass, m eff , defined as the sum of the missing transverse energy E miss T and the transverse momenta of the two leading hadronic taus. These signal regions are discussed in greater detail in Section 4.1. Next we analyze electron and muon signal regions based on the work of [41] . One set of signal regions requires two leptons in the final state, comprising either a same flavor opposite sign pair, or a different flavor opposite sign pair, with increasing cuts on kinematic variables. The second set requires three leptons in the final state, two of which form a same flavor opposite sign pair. These are discussed further in section 4.2. Using the techniques and signal regions described above, we analyze each of the benchmark points in Tables 1 and 3 to identify a signal region with minimum required integrated luminosity for 5σ S/ √ B discovery of that point at the LHC.
Signature analysis and results
In Tables 5 and 6 we give an analysis of the sparticle production cross sections for the models under study. The cross section for all models is dominated by the production of the neutralinoχ 0 2 and charginoχ ± 1 . In nearly every model point the only decay mode ofχ 0 2 is via the channelχ 0 2 →τ τ , while the primary decay of the chargino is via the channelχ ± 1 →τ ν τ (see Tables 7 and 8 ). The stau always decays through one channel,τ →χ 0 1 τ (see Tables 9 and 10 ), where the available phase space for the emitted tau is small, resulting in a soft tau production making it difficult to observe with low integrated luminosity.
τ -based signals
We start by discussing the 1τ signature search by applying the selection criteria given in [39] . It turns out that the calculated luminosity necessary for a 5σ discovery lies beyond the maximum integrated luminosity achievable at the LHC. The main problem is the cut on the missing transverse energy. In [39] , a cut on E miss T was made so that E miss T > 230 GeV. However, for the class of models we consider this cut is not optimal as illustrated in the left panel of Fig. 4 . Here one finds that we begin to lose the signal for E miss T > 200 GeV leading to a small signal to background ratio in this case. Further, the cut on p T (τ h ) of [39] , i.e., 15 < p T (τ h ) < 35 GeV applied on the hadronic tau transverse momentum is not optimal for the models considered here. The right panel of Fig. 4 shows that signal is above the background in the range 20 − 90 GeV. Thus increasing the range of cut on p T (τ h ) will produce better results. The optimized cuts for the 1τ signature are displayed in Table 11 including three variations: 1τ -A, 1τ -B and 1τ -C. They correspond to variations of the cut on p T (τ h ). Table 12 gives the minimum integrated luminosity needed for a 5σ discovery using these cuts on each of the benchmark points of Table 3 which correspond to the multipartcle coannihilation region. The best results are obtained for the cuts of 1τ -A where the luminosity ranges from 1510 to 2650 fb −1 , which is less than the optimal integrated luminosity achievable at the LHC, i.e., ∼ 3000 fb −1 . Results obtained from 1τ -C show, for the most part, luminosities greater than 3000 fb −1 since the range of the cut on p T (τ h ) extends to 150 GeV, which is above the value at which the signal generally begins dropping below background.
Another τ signature of interest is that of two hadronically decaying taus in the final state. Here we adopt the signal regions of Table 11 to the 2τ case by considering two selection criteria SC1 and SC2 as shown in Table 13 . The first selection criterion SC1 is a duplication of the cuts from Table 11 , modified to require a second τ , while in the selection criterion SC2 we introduce the variable m eff , defined as the scalar sum of the missing transverse energy and the transverse momenta of the two leading hadronic taus, m eff = E miss
T . For completeness, we apply those cuts also to the 1τ signal regions and find that this improves our results from Table 12 . Thus, the new set of τ based signal regions after inclusion of additional selection criteria SC1 and SC2 are presented in Table 13 . Here we veto on electrons, muons, and b-jets. In this set, we have removed the cut on the pseudorapidity of the leading jet which was among the cuts for the 1τ signature in Table 11 . Also, an upper bound has been placed on the E miss T cut to suppress values where the signal drops below the background. In Fig. 5 we exhibit the distributions in p T (j 1 ), the transverse momentum of the leading jet, and the effective mass m eff for the model point (xi). The signal appears to be above the background for lower p T (j 1 ) and m Eff values at which the cuts were applied (Table 13 ).
In Table 14 we give the required minimum integrated luminosities for discovery for points (a)-(k) corresponding to the stau coannihilation model. The 1τ signature performs better than the 2τ for both SRs, SC1 and SC2, thus the reason this channel was omitted from table 14. In 1τ SC1 and 1τ SC2 all points perform well except h and j. This is because both have the lowest production cross-section (see Table 5 ) and thus require higher integrated luminosities for discovery. Point (k) has the lowest integrated luminosity of 220 fb −1 in 1τ SC1-C and point (d) has the highest at 2960 fb −1 also in 1τ SC1-A. Similarly, we computed the integrated luminosities for benchmark points (i)-(xi) corresponding to the multiparticle coannihilation model. Focusing on the 1τ signature, we notice an improvement compared to what was presented in Table 12 . Here all luminosities appear to be well below 3000 fb −1 in both SC1 and SC2 and are, thus, within reach of the HL-LHC. Despite having a poorer performance, the 2τ SR and in particular 2τ SC2-A gives the lowest luminosity of 73 fb −1 for point (xi). It is worth noting that 70% of the points (i)-(xi) have 1τ SC1-C as the leading SR while 75% of the points (a)-(k) that are listed have 1τ SC1-C as the leading SR. It can be seen that introducing the kinematic variable m eff has improved our results for some regions while it didn't have much effect on others. For example, in the 2τ SC2-A, B and C, where this variable is considered, an integrated luminosity less than 100 fb −1 is obtained for point (xi) which can be reached by the end of the current LHC run. In addition, for equivalent kinematic cuts, signal regions demanding a single hadronically decaying tau performed better than those demanding two taus for both the multiparticle coannihilation and stau coannihilation regions. It must be noted that the slight differences between the 1τ and 2τ cuts in SC2 is needed to give plausible results for the 2τ channel. Forcing exactly the same cuts produces overall unsatisfactory results for the 2τ channel. Analysis of the discovery potential for supersymmetry for the parameter space of Table 3 , using the selection criteria of Table 13 , where the minimum integrated luminosity needed for 5σ discovery is displayed in Table 15 .
The last SR we will investigate for the 2τ based signal is SR-2τ SC3 given in Table 16 . The reason for doing so is to try and accommodate most of the variables used by ATLAS in their searches. One of those variables is the quantity m Tτ 1 + m Tτ 2 defined as the sum of the transverse masses of the leading and sub-leading taus, where m Tτ is calculated from the transverse momentum of the tau and p miss T , so that
and ∆R(τ h , τ h ) is the separation between the first two leading taus. Also here we keep our veto on the b-jets, electrons and muons. Table 17 shows the integrated luminosities obtained for three variations of the transverse mass sum pertaining to the multi-particle coannihilation model points (i)-(xi). Signal region 2τ SC3-A gives integrated luminosities as low as 670 fb −1 (for point xi). However, more than half of the listed points in table 17 have 2τ SC3-B as their leading SR. It is clear that for the most part, SC1 and SC2 give better results. In Figs. 5 to 7 we exhibit the distributions in different kinematical variables for the multiparticle coannihilation model (xi) at 73 fb −1 for signal region 2τ SC2-A and at 670 fb −1 for signal region 2τ SC3-A in Fig. 8 , where we plot the number of SUSY signal events (red) against the square root of the SM background (blue). The left panel of Fig. 5 shows the distribution in the transverse momentum of the leading jet, p T (j 1 ) and the right panel shows the distribution in the effective mass m eff . A similar analysis is done in Fig. 6 for the transverse momentum of the leading hadronic tau, p T (τ 1h ) (left panel), and sub-leading p T (τ 2h ) (right panel). In Fig. 7 the same analysis is done but for the spatial separation between the subleading hadronic jet and the leading jet, ∆R(τ 2h , j 1 ) in the left panel and the missing transverse energy E miss T in the right panel. The histogram for the sum of the transverse masses of the first two leading hadronic tau jets is shown in the left panel of Fig. 8 and the histogram for the spatial separation between the two leading hadronic taus ∆R(τ h , τ h ), which is effective in discriminating against back-to-back events such as multi-jet production or Z decays, is exhibited in the left panel. The distributions for two kinematical variables are also plotted for point (iii) in the 2τ channel exhibited in Fig. 9 and showing an excess of the signal over background events.
e and µ-based signals
In addition to the direct production of τ leptons due to the decay of stau particles, it is expected that decays of charginos and heavy neutralinos will result in detectible light leptons (electrons and muons) upon which further signal regions can be based. To evaluate the effectiveness of these types of searches in regions of stau coannihilation and multiparticle coannihilation, benchmark models of Tables 1 and 3 41] . These signal regions are classified according to the number of signal leptons. In the two lepton case, six signal regions are defined in two broad categories (see Table 18 ): signal regions labeled as 2l-SF require that the signal leptons form a same flavor, opposite sign (SFOS) pair, while signal regions labeled as 2l-DF require a different flavor, opposite sign (DFOS) pair. The sub-categories A, B, and C in Table 18 indicate different cuts on the kinematic variable m T2 [53] [54] [55] , which is defined as
where q T is an arbitrary vector chosen to find the appropriate minimum and m T is the transverse mass given by
In addition to cutting on m T2 and the missing transverse energy E miss T , the three lepton signal regions contain three jet vetoes, requiring that events contain no jets other than very soft jets in three jet categories: b-tagged jets (b-jet veto), jets which are not b-tagged and which have |η| ≤ 2.4 (light jet veto), and jets which are not b-tagged and which have 2.4 ≤ |η| ≤ 4.5 (forward jet veto). Finally, for the 2l-SF signal regions, there is a Z veto which requires that the invariant mass of the SFOS lepton pair not lie within 10 GeV of the Z mass. For the three lepton case, two of the leptons are required to comprise a SFOS pair, with the third lepton allowed to have the same or different flavor. For the case where all three leptons are the same flavor, the SFOS pair is chosen to be that whose invariant mass is closest to the Z mass. The three lepton case admits two signal regions A and B, with B representing tighter cuts on relevant kinematic variables (see Table 19 ). Here, in addition to a veto on b-tagged jets, cuts are applied to the missing transverse energy, the transverse momentum of the third lepton, the transverse mass as defined above, and the invariant mass of the SFOS pair.
With these signal regions, it is possible to assess the discovery potential of stau coannihilation region parameter points based on the signal from electroweakino decays. Tables 20, 21, and 22 below describe the results in terms of the integrated luminosity in fb −1 required for a 5σ discovery. Results for the three lepton signal regions described in Table 19 are not displayed because it is found that in all cases, the required luminosity for discovery was much larger than for the two lepton cases, indeed larger than the 3000 fb −1 . This is due to the fact that the decay events from these coannihilation regions almost never produce three final state leptons. We find that for the leptonic signal regions, as mentioned earlier it is only the two lepton signals that give promising results. Of these, the signal regions which require a SFOS pair perform much better than those requiring a DFOS pair. Thus, this specific signal region topology is found to be the best leptonic signal for the stau and multiparticle coannihilation regions. The remaining variation is upon kinematic cuts, in this case the cut on the variable m T2 . As expected for a kinematic cut, the softer cut of 2l-SF-A is optimal for lower mass benchmark points, while the harder cut 2l-SF-C is optimal for higher mass points. The intermediate signal region 2l-SF-B was not optimal for any case studied. Figs. 10 and 11 display the m T2 and E miss T kinematic variables for signal and combined background after cuts. Fig. 10 gives counts in m T2 after the 2l-SF-A signal region cuts for models (k) and (c), models for which that signal region is optimal, displayed at the integrated luminosity calculated as necessary for discovery. Fig. 11 gives counts in the same signal region and for the same models, but this time in the E miss T kinematic variable.
Combined Signal Region Results
As an overall view of the signal regions considered and their success in discriminating between signal and background, we list in Tables 23 and 24 the leading and sub-leading signal regions and the corresponding model points for the stau and multiparticle coannihilation regions, respectively. Model points are listed in an ascending order of luminosity. The analysis of Tables 23 and 24 shows that probing the supersymmetric signals originating from the stau coannihilation and multiparticle coannihilation regions would be challenging. By the end of this year the CMS experiment is expected to collect about 45-50 fb −1 of data [56] and one expects similar amount of data from the ATLAS experiment [57] . One expects that by the time the LHC RUN II is over one may have a large enough data set to probe part of the stau and multiparticle coannihilation regions specifically model k of Table 23 which can be probed with 97 fb −1 of integrated luminosity and model xi of Table 24 which can be probed with 73 fb −1 of integrated luminosity. Of course after the high luminosity LHC upgrade, HL-LHC is expected to collect up to 3 ab −1 of data at a center-of-mass energy of 14 TeV. Thus with this data the full set of models listed in Tables 23 and 24 can be tested. We note here that the dark matter constraints would become even more severe if the neutralino contributed only a fraction of the dark matter density in the universe as is the case in multi-component dark matter models (see e.g., [58] ). One recent entry is the ultralight boson [59] [60] [61] needed to explain cosmology at small scales which could contribute part of the relic density of dark matter. In this case the mass gaps between the neutralino and the stau would have to be even narrower to reduce the dark matter relic density to a fraction of the observed one. One item not addressed in this analysis and which needs further study, is the effect of pile up (for a review of these effects see [62] ). Such an analysis is outside the scope of the current work but would be a topic of further study.
Stau coannihilation and direct detection of dark matter
The analysis presented in Tables 23 and 24 give us a set of models which are consistent with the Higgs boson mass constraint and the constraints on the relic density consistent with the WMAP [63] and the PLANCK experiment [64] and arise from the stau or stau-chargino-second neutralino coannihilation regions. It is of interest to investigate if these models are discoverable in direct detection experiment. For these models the neutralino is mostly a Bino. Thus the neutralino is a linear combination of four statesχ 0 = αλ 0 + βλ 3 + γH 1 + δH 2 where λ 0 , λ 3 are the Bino, Wino andH 1 ,H 2 are the Higgsinos. For the models of Table 1 , |β| ≤ 0.003, |γ| ≤ 0.015, |δ| ≤ 0.002. while for models of Table 3 , |β| ≤ 0.039, |γ| ≤ 0.014, |δ| ≤ 0.002. One finds that the Wino and the Higgsino content of the models of Tables 1 and 3 are small, and the neutralino is essentially a Bino. This makes the neutralino-proton cross sections relatively small. In Table 25 we present the spin independent and spin-dependent neutralino-proton cross sections for these models. The analysis of Table 25 shows that the spin-independent neutralino-proton cross section though small and O(10 48 cm −2 ) still lies significantly above the neutrino floor [65] which is the minimum threshold for detectability (see Fig. 12 ). Some of the models also lie close to the lower bounds that the future dark matter experiments LUX-ZEPLIN [66, 67] would be able to reach.
Conclusions
Supersymmetry is desirable for a number of theoretical as well as phenomenological reasons. Supergravity unification provides a framework for high scale models with a small number of parameters in terms of which the properties of low energy effective theory can be computed. The observation of the Higgs boson mass at ∼ 125 GeV implies that the loop correction to the tree level Higgs boson mass is large which in turn implies that the scale of weak scale supersymmetry lies in the TeV region. This makes the search for supersymmetry more challenging than initially thought. For high scale models, there is another aspect which makes the observation of supersymmetry challenging. This concerns dark matter. For high scale models one finds that often the parameter space that gives the desired Higgs boson mass gives a neutralino which is mostly a Bino. For a Bino type neutralino, one needs coannihilation to achieve the appropriate relic density consistent with the WMAP and PLANCK experiment. This means that there must be one or more sparticles close by to coannihilate with the neutralino. The relatively small mass gap between the neutralino and the coannihilating particles implies that the final states in the decay of the coannihilating particles must be soft and thus hard to detect. In this work we have addressed this question in the context of stau coannihilation . We have analyzed two types of models: one type which involves only a two particle coannihilation between the neutralino and the stau, and the second type where the neutralino coannihilates with a stau, a chargino and a second neutralino. We have carried out an extensive signature analysis including a variety of signatures including one tau and two tau final states as well as e and µ final states. Our analysis shows that a variety of signatures exist where the neutralino-stau coannihilation and the neutralino-stau-chargino-second neutralino coannihilation can be discovered with the total integrated luminosity expected at the LHC in future. We also analyzed the spin -independent neutralino proton cross section. It is found that the cross section lies significantly above the neutralino floor and some parts of the parameter space may be accessible in future dark matter experiments such as LUX and ZEPLIN and XENON1T. Table 6 : SUSY production cross sections in picobarns for multiparticle coannihilation benchmark points of Table 3 .
Tables
Modelχ 0 2 →τ τχ ± 1 →τ ν τ a.
1.00 1.00 b.
1.00 1.00 c.
0.99 0.99 d.
1.00 1.00 e.
1.00 1.00 f.
1.00 1.00 g.
1.00 1.00 h.
0.99 0.99 j.
0.75 0.75 k.
1.00 0.99 Table 7 : Branching ratios for dominant decays ofχ ± 1 andχ 0 2 for stau coannihilation benchmark points of Table 1 .
1.00 0.00 1.00 ii.
1.00 0.00 1.00 iii.
0.00 0.99 1.00 iv.
0.00 0.99 1.00 v.
1.00 0.00 1.00 vi.
1.00 0.00 1.00 vii.
1.00 0.00 1.00 viii.
1.00 0.00 1.00 ix.
1.00 0.00 1.00 x.
1.00 0.00 1.00 xi.
1.00 0.00 1.00 Table 10 : Branching ratios for dominant decays ofτ andν τ for multiparticle coannihilation benchmark points of Table 3 . Table 12 : Analysis of the discovery potential for supersymmetry for the parameter space of Table 3 , using the selection criteria of Table 11 , where the minimum integrated luminosity needed for 5σ discovery is given in fb −1 . Here and in the tables following two dots (··) indicate that the minimum integrated luminosity needed for 5σ discovery exceeds 3000 fb Table 14 : Analysis of the discovery potential for supersymmetry for the parameter space of Table 1 , using the selection criteria of Table 13 , where the minimum integrated luminosity needed for 5σ discovery is given in fb −1 . Points h and j are not listed because the integrated luminosity for discovery exceeds 3000 fb −1 . Only 1τ signal regions are displayed, as those are the signal regions which give luminosities for discovery in the reasonable range. Table 15 : Analysis of the discovery potential for supersymmetry for the parameter space of Table 3 , using the selection criteria of Table 13 , where the minimum integrated luminosity needed for 5σ discovery is given in fb −1 . The dashes mean that zero events have passed the applied cuts. Table 17 : Analysis of the discovery potential for supersymmetry for the parameter space of Table 3 , using the selection criteria of Table 16 , where the minimum integrated luminosity needed for 5σ discovery is given in fb −1 . Models iv, vi, and ix are not listed because the minimum integrated luminosity needed for 5σ discovery exceeded 3000 fb Table 18 : The selection criteria used for the signal regions related to the 2 lepton signature, based upon the 2 lepton signal regions from [41] . Here and in the Tables following SF stands for same flavor opposite sign lepton pair and DF stands for different flavor opposite sign lepton pair. A dash denotes a cut which is not applicable to the given signal region. Table 21 : Analysis of the discovery potential for supersymmetry for the parameter space of Table 3 , using the 2 lepton same flavor (SF) selection criteria of Table 18 , where the minimum integrated luminosity needed for 5σ discovery is given in fb −1 . The different flavor (DF) signal regions are omitted due to poor performance (i.e. requiring over 3000 fb −1 of integrated luminosity for discovery). Model x is not listed because the minimum integrated luminosity needed for 5σ discovery exceeded 3000 fb
2l-SF-A 224 2l-SF-C 1880 2l-SF-A 2160 Table 23 : The overall minimum integrated luminosities needed for 5σ discovery using the leading and the sub-leading signal regions for stau coannihilation models of 1τ -SC1-C 1090 1τ -SC1-B 1230 Table 24 : The overall minimum integrated luminosities needed for 5σ discovery using the leading and sub-leading signal regions for stau coannihilation models of Table 18 for stau coannihilation model (k) after cuts in that region. Plotted is the number of counts for the SUSY signal per 15 GeV and the square root of the total standard model SNOWMASS background. The analysis is done at 97 fb −1 of integrated luminosity, which gives a 5σ discovery in this signal region. for the 2l-SF-A signal region defined in Table 18 for stau coannihilation model (k) after cuts in that region. Plotted is the number of counts for the SUSY signal per 15 GeV and the square root of the total standard model SNOWMASS background. The analysis is done at 97 fb −1 of integrated luminosity, which gives a 5σ discovery in this signal region. Right panel: The same analysis as in the left panel but for model (c) at 165 fb −1 . Tables 1 (left panel) and Table 3 (right panel) as a function of LSP mass displayed alongside the current and projected range of the XENON and LUX experiments and the neutrino floor.
